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SUMMARY. Since CO, is a primary input for crop growth, there is in-
terest in how increasing atmospheric CO, will affect crop productivity
and alter cropping system management. Effects of elevated CO, on grain
and residue production will be influenced by crop selection. This field
study evaluated soybean [Cs; Glycine max (L.) Merr.] and grain sorghum
[Cy; Sorghum bicolor (L.) Moench.] cropping systems managed under
conservation tillage practices and two atmospheric CO, concentrations
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(ambient and twice ambient) for three growing seasons. Elevated CO,
increased soybean and sorghum yield by 53% and 17% increase, respec-
tively; reductions in whole plant water use were also greater tor eoybean
than sorghum. These tmdmgs suggest that increasing CO, could im-
prove future food security, especially in soybean pr oducllon systems. El-
evated CO, increased aboveground residue production by >35% for
both crops; “such shifts could complement conservation management by
increasing soil surface cover, thereby reducing soil erosion. However,
increased residue could negatively impact crop stand establishment and
implement effectiveness during tillage operations. Elevated CO, in-
creased total belowground dry weight for both crops; increased root pro-
liferation may alter soil structural characteristics (e.g., due to increased
number and extent of root channels) which could lead to increases in po-
rosity, infiltration rates, and subsequent soil water storage. Nitrate leach-
ing was reduced during the growing season (due to increased N capture
by high CO,-grown crops), and also during the fallow period (likely a re-
sult of altered decomposition patterns due to increased C:N ratios of the
high CO,-grown material). Enhanced crop growth (both above- and be-
lowground) under elevated CO, suggests greater delivery of C to soil,
more soil surface residue, and greater percent ground coverage which
could reduce soil C losses, increase soil C storage, and help ameliorate
the rise in atmospheric CO,. Results from this study suggests that the
biodegradability of crop residues and soil C storage may not only be af-
tected by the environment they were produced in but may also be species
dependent. To more fully elucidate the relationships between crop pro-
ductivity, nutrient cycling, and decomposition of plant materials pro-
duced in elevated CO, environments, future studies must address species
cffects (including use of genetically modified crops) and must also con-
sider other factors such as cover crops, crop rotations, soil series, tillage
practices, weed management, and regional climatic differences. [Article
copies available for a fee from The Haworth Document Delivery Service:
1-800-HAWORTH. E-mail address: <docdelivery@haworthpress.com> Website:
<http://www.HaworthPress.com>|
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INTRODUCTION

The global environment is changing with the rise in atmospheric CO, con-
centration (Keeling and Whort, 1994) and the process is expected to continue
into the future (Bolin et al., 1986). This rise can be attributed mainly to fossil
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fuel burning and land use change associated with industrial and/or population
expansion (Houghton, Jenkins, and Ephraums, 1990). The most discussed
consequence of the rise in atmospheric CO,, along with other greenhouse trace
gases, is a predicted shift in the Earth’s climate. Aside from this debate, vege-
tation will be directly affected by the increase in atmospheric CO,, the essen-
tial substrate of photosynthes1s '

Since CO, is a primary input for crop growth, thele is interest in how the
rise in atmospheric CO, concentration will affect highly managed agricultural
systems. Research has shown major plant responses, including increased
growth and yield, increased water use efticiency (Rogers and Dahlman, 1993;
Amthor, 1995), increased photosynthetic capacity (Huber, Rogers, and Israel,
1984; Radin et al., 1987; Bowes, 1991; Lawlor and Mitchell, 1991; Long and
Drake, 1992), decreased respiration (Bunce, 1990; Amthor, Koch, and Bloom, -
1992; Mousseau, 1993; Wullschleger, Ziska, and Bunce, 1994), and changes
in plant structure (Pritchard et al., 1999). Relative to aboveground processes,
CO, effects on crop root systems have received less attention despite their im-
portance in attaining essential soil resources (i.e., water and nutrients) (Rogers,
Runion, and Krupa, 1994). Crops have often shown increases in root dry
weight under CO,-enriched conditions (Chaudhuri et al., 1986; Del Castillo et
al., 1989; Chaudhuri, Kirkham, and Kanemasu, 1990; Rogers et al., 1992) and
in many cases, the largest proportion of the extra biomass produced as a result
of elevated CO, is found belowground (Bazzaz, 1990; Rogers, Runion, and
Krupa, 1994; Wittwer, 1995; Rogers et al., 1996). Findings suggest that whole
plant nutrient uptake and nutrient utilization efficiency are increased while nu-
trient tissue concentration and nutrient uptake efficiency decline under ele-
vated CO, (Rogers, Runion, and Krupa, 1994). However, most CO, studies
have been conducted with containerized plants (i.e., confined rooting volume)
in controlled environments which may obscure responses (above- and below-
ground) that would occur in the field (Sionit et al., 1984; Arp, 1991; Thomas
and Strain, 1991). ' '

Improved predictions on how changes in the global environment will im-
pact agroecosystems will depend on obtaining realistic field data. Conse-
quently, many current efforts focus on in-ground CO, studies utilizing open
top chambers (OTC) and free-air CO, enrichment (FACE) (Allen et al., 1992).
Recent field work has shown that elevated CO, can increase above- and
belowground biomass (Mauney et al., 1994; Prior et al., 1994b; Kimball et al.,
1995), alter root morphology (Prior et al., 1995) and the root system’s capacity
to explore soil volume through shifts in tine root distribution patterns (Prior et
al., 1994a, 1994b; Weschsung et al., 1995, 1999), and induce changes in resi-
due quality which alter soil carbon (C) and nitrogen (N) dynamics (Torbert,
Prior, and Rogers, 1995; Henning et al., 1996; Torbert et al., 1996; Prior et al.,
1997¢). However, the extent of these CO,-induced changes can be highly spe-
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cies dependent. The quantity and quality of crop residues produced under ele-
vated CO, are important factors influencing soil C storage patterns (Torbert et
al., 1997; Torbert et al., 2000). Furthermore, soil C storage in agroecosystems
can be altered since they are very sensitive to management practices (e.g., con-
servation practices, tillage systems, and cropping systems) (Kern and Johnson,
1993: Potter et al., 1997, 1998; Torbert, Prior, and Reeves, 1999). The capabil-
ity of soil to act as a sink for C storage in CO,-enriched agroecosystems is a
highly relevant issue since the potential for C storage in agricultural soils is of
special interest in the current climate change policy debate. This has resulted
from the possibility of developing CO, sequestration credits for land use
changes to meet the CO, emission limits proposed by the Kyoto Protocol.
The effect of elevated CO, on grain yield and the amount of crop residue
left in the field may depend on the ditferential effect of CO, on crop species
utilized in agroecosystems. There have been few CO, studies with C5 and C,
crops grown concurrently under the same field conditions; these two photo-
synthetic types are known to respond differently to elevated CO, both with re-
gard to C metabolism and water use (Rogers et al., 1983; Rogers, Thomas, and
Bingham, 1983; Amthor, 1995). Due to differences in CO, utilization during
photosynthesis, plants with a C4 photosynthetic pathway often exhibit greater
growth response relative to those with a C, pathway (Bowes, 1993; Poorter,
1993: Amthor, 1995; Amthor and Loomis, 1996; Rogers et al., 1997). For C,4
species, the CO,-concentrating mechanism at the site of ribisco often limits
their response to elevated CO,. However, both C; and C, species do exhibit
improved plant water relations under CO, enrichment due to decreased stomatal
conductance and increased water use efficiency (Eamus and Jarvis, 1989;
Rogers et al., 1983; Rogers, Thomas, and Bingham, 1983). For C; crops, the
greater increase in biomass production coupled with improved plant water re-
lations may impart a more competitive advantage over C4 crops in a future
CO,-enriched world. This difference in response could become important with
regard to future management decisions. In the current study, soybean [Glycine
max (L.) Merr.] (a N-fixing C; crop) and grain sorghum [Sorghum bicolor (L.)
Moench.] (a C, crop) were grown in a large outdoor soil bin under two atmo-
spheric CO, concentrations; ambient and twice-ambient CO, levels were se-
lected since atmospheric CO, may increase to 700 uL L~ ! within the next 100
years (Houghton, Callander, and Varney, 1992). The study design offered the
opportunity to make a direct statistical comparison of C; and C, crop species
under tield conditions over a multi-year period. Our goal was to evaluate the
elfects of changing CO, level on biomass production for soybean and grain
sorghum and the implications of these findings as they relate to food security
issues, residue management, and belowground processes. :
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MATERIALS AND METHODS

Soybean (*Stonewall’) and grain sorghum (‘Savanna 5’) were chosen as test
crops to represent legume and non-legume crop species, respectively. Plants
were grown from seed to maturity in open top field chambers at two atmo-
spheric CO, concentrations (ambient and twice-ambient) for three growing
seasons (1992-1994). The experimental site was an outdoor soil bin (2-m deep,
6-m wide, and 76-m long) located at the USDA-ARS National Soil Dynamics
Laboratory, Auburn, AL, USA (32.6 °N, 85.5°W). The bin contained a Blanton
loamy sand (loamy, siliceous, thermic Grossarenic Paleudult) that had been
fallow for over 25 years prior to 1992 (Batchelor, 1984). Initial levels of phos-
phorus (8 kg ha™!) and potassium (14 kg ha™!) were in the ‘very low’ range.
Cation exchange capacity averaged 2.45 cmol, kg™!, and soil pH averaged
4.7, The initial level of organic matter averaged 5.0 g kg™! and total N was
0.06 g kg~1. A detailed description of the soil status prior to initiation of the
study, fertilizer and lime amendments, and soil analysis results have been re-
ported previously (Reeves et al., 1994).

The open top field chambers were constructed of a structural aluminum
frame (3-m in diameter by 2.4-m in height) covered with a PVC film panel (0.2
mm thickness) similar to that described by Rogers, Heck, and Heagle (1983).
Carbon dioxide was supplied from a 12.7 Mg liquid CO, receiver through a
high volume dispensing manifold and the atmospheric CO, concentration.-was
elevated by continuous injection of CO, into plenum boxes. Air was intro-
duced into each chamber through the bottom half of each chamber cover which
was double-walled; the inside wall was perforated with 2.5-cm diameter holes
to serve as ducts to distribute air uniformly into the chamber. Three chamber
volumes were exchanged every minute. Carbon dioxide concentrations were
continually monitored (24 hr day~!) using a time-shared manitold with sam-
ples drawn through solenoids to an infrared CO, analyzer (Model 6252,
LI-COR, Inc., Lincoln, NE). Values were continuously recorded every 15-30
minutes for each chamber, depending upon whether or not an additional CO,
study was on line. In 1992, the mean seasonal daytime CO, concentrations
were 357.4+0.1 (SE) and 705.0 £ 0.3 uL L~ for ambient and enriched plots,
respectively. In 1993, the mean CO, concentrations were 364.0 + 0.2 and
731.7 £0.4 uL L~ 1. In 1994, the mean CO, concentrations were 359.0 £ 0.1
and 706.9+0.4 uL L~

Seeds were sown in 6-m rows oriented across the width of the soil bin on 2
June, 5 May, and 6 May in 1992, 1993, and 1994, respectively. In 1994, sor-
ghum plots were replanted in mid June because the first crop failed owing to
root rot caused by moist cool soil. Soybean seeds were inoculated with com-
mercial Rhizobiwm (Lipha Tech, Inc., Milwaukee, WI!) prior to planting.
Plants were thinned for uniformity to a final density of 30 plants m~2 for soy-
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bean and 26 plants m~2 for sorghum. To ensure adequate plant establishment,
fertilizer N was broadcast at a rate of 34 kg N ha~! to both the grain sorghum
and the soybean shortly after planting. In the grain sorghum, an additional 67
kg N ha~! was applied 30 days after planting. All plots received ambient rain-
fall and were irrigated only when necessary to prevent drought-induced mor-
tality; a drip irrigation system was used to uniformly distribute water throughout
the bin. Total amounts of water received (rainfall + irrigation) were 623, 724,
and 1001 mm for 1992, 1993, and 1994, respectively. Weeds were controlled
manually. In the off season, weed control was both manually and by glyphosate
(N-[phosphonomethyl] glycine) at a rate of 1.0 kg ai ha™1!. For three seasons,
plants were grown as described above and managed using no-till practices.

The experiment used a split-plot design with three replications. Whole-plot
treatments (plant species) were randomly assigned to half of each replication.
Subplot treatments (CO, levels) were randomly assigned to two open top
chambers (3 m diameter) within each whole-plot. Statistical analyses of data
were performed using the mixed procedure of the Statistical Analysis System
(Littell et al., 1996). A significance level of P < 0.10 was established a priori.
Significant year effects were often observed for the measurements discussed
due to the influence of different planting dates coupled with year-to-year
weather variability, thus data were reported separately by year.

Plant material was collected at physiological maturity in all years. At each
harvest, 12 and 16 plants were collected per chamber in 1992 and 1993/94.
Leaf area was determined photometrically and dry weights of organ parts were
determined after drying to constant weight at 55°C. In addition, estimates of
root system biomass were calculated based on soil core (Prior and Rogers,
1992) and root extraction techniques (Bohm, 1979). Twelve root-soil cores
(2.4 cm diameter, 30 cm length) were collected from each chamber. Roots
were separated from soil with a hydropneumatic elutriation system (Gillison’s
Variety Fabrication, Inc., Benzonia, MI; Smucker, McBurney, and Srivastava,
1982). Organic debris was removed with tweezers and spring-loaded suction
pipettes and root length was measured with a Comair Root Length Scanner
(Hawker de Havilland, Victoria, Australia). Root weight was determined after
drying samples at 55°C. The root extraction technique uséd a manual winch
(Model 527, Fulton, Milwaukee, WI) mounted onto a portable metal tripod
with a cable gripping tool (Model 72285K38, Klein Tools, Chicago, IL) attached
to the plant stalk to break the roots from the soil; a scale (Model 8920, Hanson,
Northbrook, IL) measured the peak force (load-kg plant~1) required to uproot
the plant (Prior et al., 1995). Root samples were collected from 12 and 16
plants per chamber in 1992 and 1993/94, respectively. Plants adjacent to up-
rooted plants were not sampled in subsequent measurements. After soaking in
water, rool samples were washed free of soil using a soft bristle brush, dried at
55°C, and weighed. Root dry weights from each root sampling method were
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expressed on an area basis and combined for an estimate of total belowground
dry weight. Remaining plant stalks within each chamber were cut into 15 cm
pieces using hedge clippers; aboveground non-yield residue, including 10%
(by weight) of the seed yield, was added back to study. plots to simulate normal
farm operations (Prior et al., 1997b). Chambers were then removed during the
tallow period, but their locations remained fixed and delineated by a perma-
nent 3-m aluminum rings. Bird netting (1.6 cm by 1.9 cm openings; Dalen
Products, Inc., Knoxville, TN) was placed over the entire soil bin to prevent
movement of aboveground residue into or out of plots.

RESULTS AND DISCUSSION

In the context of future economic and environmental concerns, it is impor-
tant to assess the response of crops managed under field conditions to reliably
predict how agroecosystems will be altered in a future CO,-enriched world.
Most elevated CO, research has focused on crop plants, but the majority of
these efforts have not been in-ground field studies (see reviews: Kimball,
1983; Rogers and Dahlman, 1993; Rogers, Runion, and Krupa, 1994; Strain
and Cure, 1994). Increased C uptake and assimilation generally results in in-
creased crop growth under CO,-enriched conditions. Plants with a C; photo-
synthetic pathway often exhibit greater growth response relative to those with
a C, pathway (Bowes, 1993; Poorter, 1993; Amthor, 1995; Amthor and
Loomis, 1996; Rogers et al., 1997). The CO,-concentrating mechanism utilized
by C, species limits the response to CO, enrichment. For C4 plants, positive
responses are mainly attributed to competitive inhibition of photorespiration
by CO, and the internal CO, concentrations of C leaves (at current CO, lev-
els) being less than the Michaelis-Menton constant of ribulose bisphosphate
carboxylase/oxygenase (Amthor and Loomis, 1996). Furthermore, C; species
exhibit improved plant water relations by reductions in stomatal apertures and
leaf-level conductance under elevated CO, (Eamus and Jarvis, 1989; Rogers et
al., 1983; Rogers, Thomas, and Bingham, 1983; Prior et al., 1991); C, plants
also exhibit growth stimulation due to lowered conductance and increased wa-
ter use efficiency (Rogers et al., 1983; Rogers, Thomas, and Bingham, 1983).
A previous report from our field study demonstrated that elevated CO, de-
creased whole plant water use for both C, sorghum and C; soybean, but this re-
duction was greater for soybean (Dugas, Prior, and Rogers, 1997). Thus, part
of the larger increase in water use efficiency for C5 vs. C, plants with elevated
CO, (Morrison, 1993) may be attributed to a greater decrease in whole plant
water use and a greater increase in biomass production for C5 crops.

In our study, differences between species were observed for most measured
variables (Tables | and 2). Both crops exhibited increases in node number,
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TABLE 1. Aboveground growth variables for sorghum (SG) and soybean (SB)
grown.under ambient (A) and CO,-enriched (E) conditions in 1992, 1993, and
1994, Means and probabilities are shown. , :

Treatment Height Node Stem Diameter  Leaf Area Seed”  Seed Mass Seed~!
(cm) Number (mm) (cm?) Number ()
1992
A-SG 131.9 8.5 9.83 988.4 683.2 0.0273
E-SG 155.4 9.5 . 10.46 1468.4 756.1 0.0279
A-SB 81.5 13.1 5.57 1360.6 61_‘8 0.0758
E-SB 95.3 13.5 6.78 1637.0 86.7 10.0819
SPpa 0.0001 0.0002 0.0001 0.0279 0.0001 0.0009
CO, 0.0006 0.0598 0.0166 : 0.0056 0.1681 0.0054
-SPPxCO, 0.1380 0.4342 0.3765 0.3426 0.4789 0.0103
1993 '
A-SG 126.2 8.8 10.74 1333.1 1030.1 0.0233
E-SG 157.3 10.8 12.27 1850.5 1106.0 0.0241
A-SB 84.5 138 6.13 1660.7 70.2 0.0517
E-SB 95.2 15.0 7.09 1947.7 91.4 . 0.0612
SPP 0.0001 0.0001 0.0013 0.0364 0.0001 0.0020
CO, 0.0003 0.0067 0.0002 0.0001 0.5024 0.0248
SPPxCO» 0.0052 0.3446 0.0404 0.0132 0.7022 _ . 0.0417
1994
A-SG 105.6 9.8 6.98 647.3 323.3 0.0302
E-SG -128.9 10.2 ) 7.67 784.5 398.2 0.0290
A-SB l 95.4 13.5 6.37 1636.4 61.3 0.0965
E-SB 106.8 141 . 7.08 17751 79.7 ’ 0.1166
SPP 0.0003 0.0001 0.0239 . 0.0001 0.0010 0.0001
COQ 0.0002 0.0047 0.0001 0.0012 0.1442 0.0190
SPPxCO5 00526  0.5494 0.8581 0.9771 0.3647 0.0126

a Values are Pr > F from mixed model analysis; SPP = main effect of species, CO, = main effect of CO, level,
SPPxCO, = interaction.

basal diameter, and height under elevated CO, (Table 1). In general, elevated
CO, increased sorghum and soybean stem biomass by >45% (averaged across
years) (Table 2). Leaf area and leaf dry weight were usually higher for soybean
versus sorghum and CO,-induced increases in these measures were due (0
larger leaves rather than a change in leaf number (data not shown). Elevated
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TABLE 2. Above- and belowground dry weights (g m~2) for sorghum (SG) and
soybean (SB) grown under ambient (A) and CO,-enriched (E) conditions in
1992, 1993, and 1994. Means and probabilities are shown.

Treatment’ Stem Leaf Hull or Head®  Residueb Seed Belowground®
1992
A-SG 253.5 110.3 89.2 453.0 472.5 130.6
E-SG 3515 155.9 105.0 612.4 543.0 1791
A-SB 244 1 148.7 127.5 409.8 142.9 199.9
E-SB 371.8 187.0 178.8 552.7 -213.2 . 285.3
SPPd 0.7760 0.0077 0.0006 0.7817 0.0001 0.0001
CO, 0.0003 0.0032 0.0070 0.0270 0.0105 0.0002
SPPxCO, 0.4413 0.6938 0.0831 0.8611 0.9985 0.1211
1993
A-SG 360.2 178.7 147.3 686.2 584.5 226.7
E-SG 540.4 250.6 161.8 952.8 672.5 271.?
A-SB 4122 224 .4 130.7 767.3 108.5 156.2
E-SB 663.1 304.9 193.4 1161.8 168.5 228.7
SPP 0.0074 0.0003 0.5012 0.0074 0.0001 0.0457
CO, 0.0001 0.0001 0.0075 0.0001 0.0139 0.0054
SPPxCO, 0.0506 0.5400 0.0569 0.0362 0.5707 0.2688
1994
A-SG 171.9 76.8 63.0 311.8 245.5 120.7
E-SG 239.9 99.2 75.7 414.8 299.9 188.1
A-SB 480.1 235.2 131.7 847.0 177.8 196.7
E-SB- 649.4 264.0 175.0 1088.5 273.2 280.8
SPP 0.0001 0.0001 0.0003 0.0001 0.1877 0.0591
CO, 0.0001 0.0001 0.0083 0.0001 - 0.0040 0.0048
SPPxCO, 0.0038 0.2653 0.0570 0.0015 0.1787 0.5848

3 Soybean pod hull weight or sorghum head weight, minus seed.

b Sum of all aboveground non-yield components.

€ Total root dry weight including nodules for soybean.

d Values are Pr > F from mixed model analysis; SPP = main effect of species, CO, = main effect of CO,
level, SPPxCO, = interaction.

CO, increased soybean pod hull weight by ~ 40% (averaged across years), but
had little effect on sorghum head weight (Table 2). Total non-yield residue
production (i.e., stover) for both crops was increased by > 35% (averaged
across years) due to elevated CO,. Differences in seed number were observed
between sorghum and soybean, but were not atfected by CO, level. However,
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weight per seed increased for-soybean under elevated CO, and soybean seed
biomass was increased by 53% (averaoed across years) compared to a 17% in-
crease for sorghum (Table 2).

In the context of food security, the reported yield responses for these impor-
tant crops is significant. The observed increase in soybean yield may have im-
plications for major soybean production regions (FAO, 1996) located in the
United States, South America (e.g., Brazil and Argentina), and Asia (e.g.,
China and India). Sustainability of sorghum production is also critical since it
historically represents one of five major cereal crops used for food and is also
important tor animal consumption (Doggett, 1988; Bennett, Tucker, and
Maunder, 1990). Major regions of sorghum production (FAO, 1996) are lo-
cated in the United States, Mexico, Asia (e.g., China and India) and throughout
Africa. Since sorghum is a major food staple for many developing countries
(FAO, 1996), especially in semiarid regions (Doggett, 1988; Bennett, Tucker,
and Maunder, 1990), it is essential to evaluate changes in the global environ-
ment that will affect productivity. Although reported increases in sorghum
yield were substantially less than for soybean (Table 2), small yield shifts may
be significant, particularly for semiarid regions of the world where reduced
whole plant water use (Dugas, Prior, and Rogers, 1997) could help ameliorate
periods of drought stress. Special emphasis should also be given to the re-
ported positive shifts in non-yield biomass production in terms of future resi-
due management considerations in these regions. For example, selecting
planting and seed zone preparation implements that minimize disturbance of
residue and underlying soil can lead to soil water conservation (Reicosky et al.,
1999; Prior et al., 2000) which could be critical to successful seedling estab-
lishment in these semiarid regions. In order to improve food security and to al-
leviate poverty on the African continent, the African Conservation Tillage
Network (ACT) has recently been established to promote the adoption of con-
servation tillage practices to ensure more sustainable use of the soil resources
and to combat desertification (ACT, 2000). Findings from the current study
suggest that CO,-induced shifts in grain yield and crop water use could im-
prove food security while increases in non-yield residue could complement
conservation management efforts by ensuring greater soil surface coverage
thereby promoting more soil water storage while preventing soil erosion
losses. However, it is important to note that our work was conducted in a tem-
perate region and more CO, research in this and other areas (e.g., semiarid and
tropical regions) which evaluate regional crop management syqlems are needed
before firm conclusions can be made.

Positive increases in non-yield residue inputs (Table 2) returned to the soil
surface may impact implement effectiveness during tillage operations. In con-
ventional tillage systems, the degree of residue cutting/burial (e.g., disc, chisel
plow operations) may be altered by increased residue inputs resulting from
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CO, enrichment. Such occurrences may require increasing tillage depth which
could increase future field operational expenses (e.g., energy/tuel cost and
tractor/equipment wear). However, current debate highlights the importance
of modifying traditional tillage practices to promote sequestration of soil C in
agroecosystems; management decisions that reduce tillage activities in favor
of maintaining more soil surface residue and greater percent ground cover
could reduce soil C losses, increase soil C storage, and help ameliorate the rise
in atmospheric CO, (Follett, 1993; Lal et al., 1998a, 1998b). Adoption of such
practices would also reduce water losses, erosion processes, and possibly im-
prove overall soil quality (Reeves, 1997). In this context, land managers could
realize some benelits by continuing to follow current operational schemes and
accept less residue cutting/burial in conventional tillage systems.

In conservation tillage systems, these same CO,-related advantages would
exist, but to a greater extent due to lack of tillage and a higher accumulation of
non-yield residue (Table 2). Previous work from our study showed a signifi-
cant increase in percent ground cover under CO,-enrichment (Figure 1; Prior
et al., 1997b), but no signiticant effect on percent residue biomass recovery in
litter bags was noted (Figure 2; Torbert et al., 2000). Measurement of mass
losses from leaves and stems indicated a species eftect which varied by tissue
type; decomposition of soybean leal tissue proceeded more rapidly than sor-

FIGURE 1. The average percent ground cover following an over-winter fallow
period for sorghum and soybean (A) and for ambient and enriched CO, treat-
ments (B). Main effect means are shown. Adapted from Prior et al. (1997b).
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FIGURE 2. Recovery (%) of ambient and elevated CO,-produced sorghum
and soybean leaf (A) and stem (B) residue during an over-winter fallow period.
Adapted from Torbert et al. (2000).
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ghum, as would be expected with a lower C:N ratio; however, the opposite pat-
tern was observed with stem tissue. Even though CO, level did not affect
percent biomass recovery, greater production under elevated CO, resulted in
more biomass remaining after the over-winter fallow period.

Some disadvantages associated with greater residue accumulation could
occur in relation to crop stand establishment. Planter designs used in current
conservation systems often have problems handling high amounts of residue
during seed bed preparation/planting (e.g., clogged planters) resulting in poor
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stands (Phillips, 1984; Throckmorton, 1986). Precluding significant improve-
ments in planter design, CO,-induced increases in residue production could
exacerbate this problem, especially in systems with additional residues trom
cover crops. Increased residue coverage of the soil surface can also reduce soil
temperatures below optimum for seed germination, thereby delaying stand de-
velopment (Erbach et al., 1986; Unger, 1986; Potter, Morrison, and Torbert,
1996). Higher production of non-yield residue in a CO,-enriched world may.
require land managers to select conservation tillage methods such as strip till-
age as opposed to no-tillage during planting to overcome such problems.

Relative to aboveground responses, CO, effects on root systems have re-
ceived less attention despite their importance in attaining essential soil re-
sources and their residue contributions to soil organic matter. In the current
study, total belowground dry weight was increased by 44 and 38% (averaged
across years) for soybean and sorghum, respectively (Table 2). CO,-induced
increases in soybean and sorghum root biomass have been previously reported
(Chaudhuri et al., 1986; Chaudhuri, Kirkham, and Kanemasu, 1990; Del
Castillo et al., 1989; Rogers et al., 1992) and in many instances the largest pro-
portion of the extra phytomass produced as a result of elevated CO, is found
belowground (Bazzaz, 1990; Rogers, Runion, and Krupa, 1994; Wittwer,
1995). Fine root density patterns (both length and dry weight) were also as-
sessed in the current study and the extent of CO,-induced changes were found
to be species dependent; elevated CO, had a much greater positive affect on
soybean compared to sorghum (Figures 3 and 4).

Other field studies using FACE have shown that high CO, can increase
belowground production (Prior et al., 1994b), alter plant root morphology
(Prioret al., 1995), and increase the root system’s capacity to explore soil vol-
ume through shifts in fine root distribution patterns (Prior et al., 1994a;
Weschsung et al., 1999). Such CO,-induced changes in rooting patterns may
influence whole-plant nutrient dynamics, thus influencing crop performance
when demand for nutrients and water is high. In general, whole plant nutrient
uptake and nutrient utilization efficiency are increased under elevated CO,,
while nutrient tissue concentration and nutrient uptake efficiency are lowered
(Rogers, Runion, and Krupa, 1994, Prior et al., 1998). Nutrient management
decisions may also be impacted by CO,-induced shifts in root distribution pat-
terns which could alter nutrient stratification within the soil protile. This
would be more likely in reduced-tillage systems compared to conventional till-
age systems which exhibit a more homogeneous plow layer due to mixing of
soil with residues and amendments (e.g., fertilizers and lime).

The quality of water moving in the hydrological cycle is critically important
in agroecosystems. Positive CO,-induced shifts in crop root systems may en-
hance the ability of plants to capture a greater proportion of available nutrients,
thus reducing the leaching of nutrients, such as nitrates, into groundwater. The
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fate of N is a growing concern since nitrate contamination of groundwater is
associated with potential health risks. Belowground N content is a balance of
N in biomass, N loss processes such as nitrate leaching and denitrification, and
N inputs through fertilizers, atmospheric deposition, and N, fixation by certain
plant species. Nitrate leaching is dependent on the amount of nitrate in the
edaphic environment and on the amount of water percolating through the soil
profile. These [actors may be altered by changes in atmospheric CO,. Our
study has previously demonstrated that elevated CO, will change both the C:N
ratio of residue inputs to the soil (aftfecting the soil nitrate content; Torbert et
al., 1996) and plant water relations (affecting water movement through the soil
profile; Dugas, Prior, and Rogers, 1997). Results from two years of CO, en-
richment in our study showed that nitrate leaching was reduced during the -
growing season because more N was captured by high CO,-grown crops
(Torbert et al., 1996). Furthermore, leaching was also reduced during the fal-
low period, which may be related to altered decomposition patterns resulting
from the increased C:N ratio of residue. Nitrate leaching was generally higher
for soybean compared to sorghum most likely due to higher N inputs to the soil
~ from symbiotic N, fixation and lower residue C:N ratio. Furthermore, analysis
of nitrate solution for 1°N content indicated that most of the N measured below
the root zone originated from native N pools rather than from N-fertilizer ap-
plication in both cropping systems. It is important to note that results from our
study are indicative of leaching patterns associated with areas cropped with
soybean and sorghum on a loamy sand soil under a no-till management system.
Leaching patterns will likely vary with soil series and tillage practice. The im-
pact of leaching on groundwater quality may be even more critical during dis-
turbance events (e.g., plowing) which occur in conventional tillage systems.
Knowledge of changes in soil C due to elevated atmospheric CO, is essen-
tial to.understanding global C cycling. Enhanced crop growth (both above- and
belowground) under elevated CO, as reported in Table 2 suggests greater de-
livery of C to soil; extra C from elevated atmospheric CO, can enter the
rhizosphere via residue decomposition, root growth, turnover, and exudation
(Norby etal., 1987; Lekkerkerk, Van de Geijn, and Van Veen, 1990; Zak et al.,
1993). Despite the well documented rise in atmospheric CO, concentration
(Keeling and Whorf, 1994), not all C sinks are well defined, i.e., an estimated
unknown sink of [.4 X 1015 g C year~! arises from the global C balance
(Schimel et al., 1995). Crucial considerations in balancing the global C budget
are that biospheric uncertainties are very large, that anthropogenic CO, is
small relative to the natural exchange and abundance of C (Sundquist, 1993),
and that description of the C cycle is incomplete (Bolin, 1981; Whipps, 1990).
Although its specitic identity has eluded detection, the sink is probably some-
where in the world’s terrestrial plants and soils (Sundquist, 1993; Schimel,
1995). Soil plays a major role in the global accounting of C not only due to the
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large amount of C stored in soil (estimates of 1395 to 1636 X 1015 g) (Ajtay,
Ketner, and Duvigncaud 1979; Post; Emanuel, and King, 1992; Schlesinger,

1984), but also since annual soil flux of CO, to the atmosphere is 10 times that
contributed by fossil fuel bummg (Post et al., 1990). Enting and Pearman
(1986) suggested that although in the past the biosphere has been a net C
source, it is currently acting as a C sink. This is supported by estimates that the
“pioneer agriculture effect in the USA™ released some 60 X 10'3 g C to the at-
mosphere from 1860 to 1890 (Wilson, 1978) which is 1.5 times the amount re-
leased by all industrial sources (mainly fossil fuel usage) prior to 1950. A
portion of the terrestrial sink is likely the result of converting agricultural land
back to natural or perennial vegetation (Post and Kwon, 2000). However, if the
terrestrial biosphere has changed from a CO, source to a CO, sink, then agri-
culture, which accounts for fully 10% of all land on earth (Schlesmoer 1990),

may play a pivotal role in global C sequestration (Cole et al., 1993; Kern and
Johnson, 1993; Paustian et al., 1997; Lal et al., 1998a, l998b). In a global con-
text, agroecosystems are significant since approximately 1.3 X 1015 g of gross
atmospheric CO, is removed by crops each year (Jackson, 1992) and soil C
storage patterns in these systems are very sensitive to management practices
(e.g., conservation practices, tillage systems, and cropping systems) (Kern and
Johnson, 1993). All these factors combine to make the understanding of C cy-
cling in soils of agroecosystems important, especially in the context of rising
atmospheric CO,. -

The ability of terrestrial ecosystems to sequester additional C in soil from
increasing levels of CO, in the atmosphere is highly debated. Schlesinger
(1986, 1990) found little evidence for soil C storage and Lamborg, Hardy, and
Paul (1984) have argued that increased soil microbial activity due to greater
biomass C inputs in an elevated CO, environment (i.e., “the priming effect”)
would prevent accumulation of soil organic C. Alternatively, Goudriaan and
de Ruiter (1983) proposed that increased soluble, easily decomposable C in-
puts (due to CO, enrichment) would accentuate soil microbial substrate prefer-
ence mechanisms; that is preference for easily decomposable substrates would
retard the decomposition of recalcitrant, structural plant debris and native soil
organic matter resulting in an accumulation of soil organic matter. Experimen-
tal evidence with wheat (Triticum aestivum L.) grown under elevated CO, in a
short-term growth chamber experiment (Lekkerkerk, Van de Geijn, and Van
Veen, 1990) has supported the contentions of Goudriaan and De Ruiter (1983).
Long-term field studies (at our laboratory and others) indicate that agroeco-
systems have the potential to sequester C from the atmosphere into the soil
(Wood et al., 1994; Leavitt et al., 1994; Torbert, Prior, and Rogers, 1995;
Henning et al., 1996; Prior et al., 1997c; Torbert et al., 1997). A 3-year study
with cotton (Gossypium hirsutum 1..) has suggested that soil C storage is more
likely under non-limiting soil water conditions when CO, concentration is
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raised (Wood et al., 1994). Their findings indicated that factors other than total
biomass input may affect soil C and N cycling; a possible explanation may be
related to a differential effect of CO, and irrigation treatment on residue struc-
ture/composition which has altered decomposition patterns. In a similar study,
an evaluation of soils after 2 years of wheat residue inputs indicated that more
C storage may occur under elevated CO, for both irrigated and non-irrigated
tarm systems (Prior et al., 1997c). In our study, we observed that short-term
CO, tluxes were greater for soybean under tillage or elevated CO,; flux rates
in the sorghum crop were affected by tillage, but they were not impacted by
CO, level (Prior et al., 1997b). It is important to note that these short-term re-
sults were based on characterizing C losses associated with a simulated spring
tillage event on microplots, thus, results should be viewed with caution when
predicting long-term C turnover in agroecosystems. However, working in the
same study using stable isotope techniques, Torbert et al. (1996) also noted
differences in C storage patterns for sorghum and soybean after 2 years of CO,
treatment. The high C:N ratio of sorghum residue slowed microbial decompo-
sition resulting in increased new soil C, but CO,-induced C storage occurred in
the mineral fraction only. In comparison, the low C:N ratio of soybean residue
promoted decomposition of new C inputs which reduced the decomposition of
old C thereby increasing soil C storage. For a more thorough discussion on ele-
vated CO, effects on residue decomposition as it relates to soil C and soil N in-
teractions see Torbert et al. (2000). Collectively, the results suggest that the
biodegradability of crop residue may not only be affected by the environment
they were produced under but may also be species dependent, thereby ac-
counting for differences in soil C storage patterns. To more fully elucidate the
relationships between nutrient cycling and decomposition of plant materials
produced in an elevated CO, environment, future studies must be concerned
with crop species effects and must also consider the influence of other factors
such'as cover crops, crop rotations, soil series, tillage practices, and regional
climatic differences.

The effects of additional residue input from elevated CO, on soil physical
properties and their impact on soil C storage, has not been well studied. A more
extensive residue mat should promote more favorable soil surface characteris-
tics such as prevention of soil crusting. Minimizing soil crusting could en-
hance seedling emergence, water infiltration, soil water retention, and reduced
soil erosional processes. This study clearly demonstrated that elevated CO, in-
creased non-yield residue returned to the soil surface (Table 2) and percent
ground. cover following an over-wintering period (Figure 1; Prior et al.,
1997b). Stabilization of the soil matrix by larger root systems under elevated
CO, can be inferred from an increase in vertical root-pulling resistance (Figure 5);
this may suggest reduced wind and water erosion on cropping systems located
on highly erodible lands. Vertical root-pulling resistance was increased by



234 ~ CROPPING SYSTEMS: TRENDS AND ADVANCES

30% (averaged across years) for soybean and by 53% for sorghum (Figure 5).
This finding is in general agreement with results reported for cotton (Prior et
al., 1995). Positive shifts in crop root systems (Table 2; Figures 3 and 4) may
alter soil structural characteristics (e.g., due to increased number and extent of
root channels) which could lead to increases in aggregate stability, porosity,
infiltration rates, and subsequent soil water storage. Changes in soil structure
could possibly lead to increased rates of soil genesis (Brinkman and Sombroek,
1996). However, most of these hypothesized changes have yet to be examined
in detail. A preliminary evaluation of soil physical characteristics indicated
that soil structure -was altered by elevated CO,.in the soybean system only
(Prior and Amthor, unpublished). In this case, the soil had lower bulk density
values, more waler stable aggregates, and exhibited positive shifts in saturated
hydraulic conductivity, thereby suggesting that soil porosity had been in-
creased under elevated CO,. Such changes in the soil may be due to soybean
residue quality (lower C:N ratio) in combination with a greater positive affect
of elevated CO, on soybean fine root density patterns (both length and dry
weight) compared to sorghum (Figures 3 and 4). Detailed examination of resi-
due input (quality and quantity) in relation to soil C and N dynamics indicates
that N availability exerts a strong influence on belowground decomposition
processes (see review; Torbert et al., 2000) which may alter soil physical and
chemical properties. Such shifts, in conjunction with root turnover, root exu-

FIGURE 5. The effect of CO, concentration (A = ambient; E = elevated) on sor-
ghum (8G) and soybean (SB) vertical root-pulling resistance (RPR) in 1992,
1993, and 1994,
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dation, and other biological activity (increased populations of microbes and
soil fauna and fungi), may influence soil aggregate formation and nutrient
cycling. CO,-induced changes in soil physicochemical characteristics may
lead to improvements in overall soil quality; such changes, however, will
likely be dependent on crop species and management.

The direct effect of elevated CO, noted for crop productivity may also im-
pact weed control management in agroecosystems. Some weed species may
have competitive advantages under high CO, due to differential effects of CO,
on growth which tfavor C; over C, weeds (Patterson, 1993). The reported in-
creases in non-yield residue for soybean and sorghum cropping systems may
suppress weeds (mulch effect) in conservation management systems. Al-
though, the introduction of genetically modified crops (e.g., glyphosate toler-
ant soybean) into production systems represents another means to combat
weeds, it is unknown if they will show the same growth responses to CO, as
current day varieties. Weed management may be further complicated by
response of weed species to herbicides under high CO, conditions. Ziska,
Teasdale, and Bunce (1999) studied two of the world’s worst weeds, repre-
senting a C; species, common lambsquarters (Chenopodium album L.), and a
C, species, redroot pigweed (Amaranthus retroflexus L.), to a widely used
postemergence herbicide (glyphosate) under conditions of elevated CO,. They
reported that current application rates could control A. retroflexus, but the eco-
nomic cost of controlling C. album may increase under elevated CO, as stan-
dard herbicides rates were inadequate. These differential responses coincided
with changes in stomatal conductance; however, changes in foliar absorption
(and uptake) were not documented. Some studies have shown that elevated
CO, may increase epicuticular wax deposition (based on SEM micrographs;
Thomas and Harvey, 1983), while others have reported a decrease in wax den-
sity (Graham and Noble, 1996; Prior et al., 1997a) and changes in wax mor-
- phology (Prior et al., 1997a). Thus, one other possible mechanism explaining
this finding might be related to changes in epicuticular waxes (quantity, com-
position, or morphology) which could alter permeability to chemicals includ-
ing herbicides (Martin and Juniper, 1970; Von Wetsein-Knowles, 1993). If
increases in commercial application rates of herbicides are required to control
some weeds under high CO,, it is unknown if tolerance levels of genetically
moditied crops (e.g., glyphosate tolerant soybean and cotton) are adecuate
since no information exists on responses of these altered crops to elevated
CO,. ‘ _

Another unknown aspect of genetically modified material is how the intro-
duction of such material might alter decomposition processes and microbial
populations in the soil environment. Ellis, Thompson, and Bailey (1995) dem-
onstrated that introduction of genetically modified microorganisms (as a seed
dressing) did not disrupt the natural succession of microbial communities in a



236 CROPPING SYSTEMS: TRENDS AND ADVANCES

23 1-day sugar beet (Beta vulgaris) study. Saxena, Flores, and Stotzky (1999)
found that an insecticidal toxin was released into the rhizosphere of Bt-modi-
fied corn through root exudates and that this toxin remained biologically active
in soil for at least 234 days; the impacts of such genetically altered plants on
rhizosphere and soil microbial populations are unknown. Microbes are impor-
tant for maintaining plant health and productivity and elevated CO, has been
shown to affect soil microbial community composition and activity (Zak et al.,
1993; Rice et al., 1994; Runion et al., 1994). However, limited research pre-
cludes drawing firm conclusions regarding the effects of elevated CO, on in-
teractions of microbes with plants and plant material in soil; adding use of
genetically modified plants and microbes into this scenario makes it even more
difficult to predict how crop productivity might be affected by future farming
practices under increasing levels of atmospheric CO,.

The atmospheric CO, concentration has risen by 30% since the onset of the
Industrial Revolution in the late 18th century; this increase may be the most
significant change taking place on the earth today. No sector has more to lose
or gain, in regard to global environmental change, than agriculture. Growth
and yield of most plant species, including economically important crops, have
been shown to increase under elevated CO,. We found that yield response to
elevated CO, was greater for soybean than for sorghum; however, the re-
spouse of non-yield residues (including roots) of these contrasting (C4 vs. Cy)
crops was similar. Our findings suggest that increasing levels of atmospheric
CO, could improve food security, soil physical properties, and groundwater
quality. Increases in the non-yield components could have implications for
residue management including farming practices to increase soil C sequestra-
tion and protect soil resources. Research will be required to fully understand
the relationships between biomass production, nutrient cycling, and decompo-
sition of residue produced in elevated CO, environments. Effects of CO, on
crops grown under conservation tillage systems require further investigation.
Future studies should address not only species effects, but must also consider
how other factors (cover crops, crop rotations, soil series, tillage practices, and
regional climatic differences) influence the response of agroecosystems to ris-
ing levels of atmospheric CO,. Such factors must be considered due to the
wide diversity ol farm management systems that exist over an international
scale. Evaluation of farming systems representative of underdeveloped coun-
tries must also be included to accurately assess how these regions will be im-
pacted by the rise in atmospheric CO,. Understanding the whole biological
chain of events starting with transfer of C from air to leaf, transformation
within the plant for growth and yield, return of plant residue to the so1l, decom-
position, C storage within soils of agricultural systems, and finally impacts of
other environmental factors (e.g., nutrients and water) on these processes is
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necessary to optimize soil management for both agricultural production and C
sequestration. Reducing uncertainty regarding the effects of rising atmo-
spheric CO, is critical if the impacts ot global change on agriculture and envi-
ronmental quality are to be predicted.

NOTE

1. Trade names and products are mentioned solely for information. No endorse-
ment by the USDA is implied.

REFERENCES

African Conservation Tillage Network-ACT. (2000). In: ACT World Wide Web site at
<http://www.fao.org/landandwater/agll/consagri/home I .htm/>.

Ajtay G.L., P. Ketner, and P. Duvigneaud. (1979). Terrestrial primary production and
phytomass. In The Global Carbon Cycle, eds. B. Bolin, E.T. Degens, S. Kempe, and
P. Ketner, NY: John Wiley & Sons, pp. 129-181.

Allen, L.H., Jr., B.G. Drake, H.H. Rogers, and J.H. Shinn. (1992). Field techniques tor
exposure of plants and ecosystems to elevated CO, and other trace gases. Critical
Reviews in Plant Science 11: 85-119.

Amthor, J.S. (1995). Terrestrial higher-plant response to increasing atmospheric {CO,]
in relation to the global carbon cycle. Global Change Biology 1:243-274.

‘Amthor, J.S. and R.S. Loomis. (1996). Integrating knowledge of crop responses to ele-
vated CO, and temperature with mechanistic simulation models: Model compo-
nents and research needs. In Carbon Dioxide and Terrestrial Ecosystems, eds. G.W. .
Koch and H.A. Mooney, San Diego, CA: Academic Press, pp. 317-346.

Amthor, J.S., G.W. Koch, and A.J. Bloom. (1992). CO, inhibits respiration in leaves of
Rumex crispus L. Plant Physiology 98:757-760.

Arp, W.J. (1991). Effects of source-sink relations on photosynthetic acchmaﬂon to ele-

vated CO,. Plant, Cell and Environment 14:869-875.

Batchelor, J.A., Jr. (1984). Properties of Bin Soils at the National Tillage Machinery
Laboratory, Publ. 218. Auburn, AL: USDA-ARS National Soil Dynamics Labora-
tory.

Bazzaz, F.A. (1990). The response of natural ecosystems to the rising global CO, lev-
els. Annual Review of Ecology and Systematics 21:167-196.

Bennett, W.F., B.B. Tucker, and A.B. Maunder. (1990). Modern Grain Sorghum Pro-
duction. Ames, 1A: Towa State University Press.

Bohm, W. (1979). Methods for Studying Root System, Ecological Series, Volume 33.
NY: Springer-Verlag.

Bolin, B. (1981). Carbon Cycle Modeling: Scope 16. NY: John Wiley.

Bolin, B., B.R. Doos, J. Jager, and R.A. Warrick. (1986). Scope 29-The Greenhouse
Effect, Climatic Change, and Ecosystems. Chichester: John Wiley & Sons.

Bowes, G. (1991). Growth at elevated CO,: Photosynthetic responses mediated through
Rubisco. Plant, Cell and Environment 14:795-806.



238 CROPPING SYSTEMS: TRENDS AND ADVANCES

Bowes, G. (1993). Facing the inevitable: Plants and increasing atmospheric CO,. An-
nual Review of Plant Physiology and Plant Molecular Biology 44:309-332,

Brinkman, R. and W.G. Sombroek. (1996). The effects of global change on soil condi-
tions in relation to plant growth and food production. In Global Climatic Change
and Agricultural Production, Direct and Indirect Effects of Changing Hvdrologi-
cal, Pedological, and Plant Physiological Processes, eds. F. Bazzaz and W.
Sombroek, NY: John Wiley & Sons, pp. 49-63.

Bunce, J.A. (1990). Short- and long-term inhibition of respiratory carbon dioxide

. efflux by elevated carbon dioxide. Annals of Botany 65:637-642.

Chaudhuri, U.N., R.B. Burnett, M.B. Kirkham, and E.T. Kanemasu. (1986). Effect of
carbon dioxide on sorghum yield, root growth, and water use. Agricultural and For-
estry Meteorology 37:109-122.

Chaudhuri, U.N., M.B. Kirkham, and E.T. Kanemasu. (1990). Root growth of winter
wheat under elevated carbon dioxide and drought. Crop Science 30:853-857.

Cole, C.V., K. Paustian, E.T. Elliott, A.K. Metherell, D.S. Ojima, and W.J. Parton.
(1993). Analysis of agroecosystem carbon pools. Water, Air and Soil Pollution
70:357-371.

Del Castillo, D., B. Acock, V.R. Rt,cldy, and M.C. Acock. (1989). Elongation and
branching of 10ots on soybean plants in a carbon dioxide-enriched aerial environ-
ment. Agronomy Journal 81:692-695.

Doggett, H. (1988). Sorghum, Tropical Agriculture Series. Singapore: Longman Pub-
lishers Ltd.

Dugas W.A., S.A. Prior, and H.H, Rogers. (1997). Transpiration from sorghum and
soybean growing under ambient and elevated CO, concentrations. Agricultural and
Forestry Meteorology 83:37-48.

Eamus, D. and P.G. Jarvis. (1989). The direct effects of increase in the global atmo-
spheric CO, concentration on natural and commercial temperate trees and forests.
Advances in Ecologzca/ Research 19:1-55.

Ellis, R.J., I.P. Thompson, and M.J. Bailey. (1995). Metabolic profiling as a means of
characterizing plant-associated microbial communities. FEMS Microbiology Ecol-
ogy 16:9-18.

Enting, I.G. and G.I. Pearman. (1986). The use of observations in calibrating and vali-
dating carbon cycle models. In The Changing Carbon Cycle: A Global Analysis,
eds. J.R. Trabalka and D.E. Reichle, NY: Springer-Verlag, pp. 425-458.

Erbach, D.C., RM., Cruse, T.M. Crosbie, D.R. Timmons, T.C. Kaspar, and K.N. Pot-
ter. (1986). Maize response to tillage-induced soil conditions. Transactions in
ASAE 29:690-695.

Follett, R.F. (1993). Global climate change, U.S. agriculture, and carbon dioxide.
Journal of Production Agriculture. 6:181-190. '

Food and Agriculture Organization of the United Nations -FAQO. (1996). FAO Produc-
tion Yearbook 1995, Volume 49, FAO Statistics Series No. 133. Rome, Italy: FAQO,

Goudriaan, J. and H.E. de Ruiter. (1983). Plant growth in response to CO, enrichment,
at two levels of nitrogen and phosphorus supply. 1. Dry matter, leaf area, and devel-
opment. Netherlands Journal of Agricultural Science 31:157-169.

Graham, E.A. and P.S. Nobel. (1996). Long-term effects of a doubled atmospheric
CO, concentration on the CAM species Agave deserti. Journal of Experimental
Botany 47:61-69.



Prior et al. : 239

Henning, F.P., CW. Wood, H.H. Rogers, G.B. Runion, and S.A. Prior. (1996). Com-
position and decomposition of soybean and sorghum tissues grown under elevated
atmospheric CO,. Journal of Environmental Quality 25:822-827.

Houghton, J.T., G.J. Jenkins, and J.J. Ephraums. (1990). Climate Change: The [PCC
Scientific Assessment. Cambridge: Cambridge University Press.

Houghton, J.T., B.A. Callander, and S.K. Varney. (1992). Climate Change 1992: The
Supplementary Report to the IPCC Scientific Assessment. Cambridge: Cambridge
University Press.

Huber, S.C., H.H. Rogers, and D.W. Israel. (1984). Effects of CO, enrichment on pho-
tosynthesw and photosynthate partitioning in soybean ( leczne max) leaves. Physi-
ologia Plantarum 62:95-101.

Jackson, R.B. IV (1992). On estimating agriculture’s net contribution to atmospheri¢
carbon. Water, Air and Soil Pollution 64:121-137.

Keeling, C.D. and T.P. Whort. (1994). Atmospheric CO, records from the sites in the
SIO air sampling network. In Trends '93: A Compendium of Data on Global
Change, ORNL/CDIAC-65, eds. T.A. Boden, D.P. Kaiser, R.J. Sepanski and F.W.
Stoss, Oak Ridge, TN: The Carbon Dioxide Information Analysis Center, Oak
Ridge National Laboratory, pp. 16-26.

Kern, J.S. and M.G. Johnson. (1993). Conservation t1llage1mpa<.ls on national soil and
atmospheric carbon levels. Soil Science Society of America Journal 57: 200-210.

Kimball, B.A. (1983). Carbon dioxide and agricultural yield: An assemblage and anal-
ysis of 430 prior observations. Agronomy Journal 75:779-788.

Kimball, B.A., P.J. Pinter, Jr., R.L. Garcia, R.L. LaMorte, G.W. Wall, D.J. Hunsaker,
G. Wechsung, F. Wechsung, and Th. Kartschall. (1995). Productivity and water use
of wheat under free-air CO, enrichment. Global Change Biology 1:429-442.

Lal, R., J.M. Kimble, R.F. Follett, and C.V. Cole. (1998a). The Potential of U.S.
Cropland to Sequester Carbon and Mitigate the Greenhouse Effect. Ann Arbor,
MI: Ann Arbor Press.

Lal, R., J.M. Kimble, R.F. Follett, and B.A. Stewart (1998b). Management of Carbon
Sequestration in Soil. Boca Raton, FL: CRC Lewis Publishers.

Lamborg, M.R., W.F. Hardy, and E.A. Paul. (1984). Microbial eftects. In CO, and
Plants: The Response of Plants to Rising Levels of Atinospheric CO,, ed. E.R.
Lemon, Washington, DC: Amer. Assoc. Adv. Sci. Selected Symp., pp. 131-176.

Lawlor, D.W. and R.A.C. Mitchell. (1991). The effects of increasing CO, on crop pho-
tosynthesis and productivity: A review of field studles Plant, Cell and Environ-
ment 14: 807-818.

Leavitt S.W., E.A. Paul; B.A. Kimbal, G.R. Hendrey, J.R. Mauney, R, Rauschkolb, H.
Rogers, K.F. Lewin, J. Nagy, P.J. Pinter, Jr., and H.B. Johnson. (1994). Carbon iso-
tope dynamics of free-air CO,-enriched cotton and soils. Agricultural and Forestry

" Meteorology 70:87-101.

Lekkerkerk, L.J.A., S.C. Van de Geijn, and J.A. Van Veen. (1990). Eftects of elevated
atmospheric CO,-levels on the carbon economy of a soil planted with wheat. In
Soils and the Green/zouse Effect, ed. A.F. Bouwman, NY: John Wiley & Sons,
pp. 423-429. '

Littell, R.C., G.A. Milliken, W.W. Stroup, and R.D. Wolfinger. (1996). SAS System for
Mixed Modeéls. Cary, NC: SAS Institute, Inc.



240 CROPPING SYSTEMS: TRENDS AND ADVANCES

Long, S.P. and B.G. Drake. (1992). Photosynthetic CO, assimilation and rising atmo-
spheric CO, concentrations. In Crop photosynthesis: Spatial and Temporal Deter-
minants, eds. N.R. Baker and H. Thomas, NY: Elsevier, pp. 69-107.

Martin, J.T. and B.E. Juniper. (1970). The Cuticles of Plants. NY: St. Martin’s Press.

Mauney, J.R., B.A. Kimball, P.J. Pinter, Jr., R.L.. LaMorte, K.F. Lewin, J. Nagy, and
G.R. Hendrey. (1994). Growth and yield of cotton in response to a free-air carbon
dioxide enrichment (FACE) environment. Agricultural and Forestry Meteorology

- 70:49-67. '

Morrison, J.IL. (1993). Response of plants to CO, under water limited conditions.
Vegetation 104/105:193-209.

Mousseau, M. (1993). Effects of elevated CO, on growth, photosynthesis and respira-
tion of sweet chestnut (Castanea sativa Mill.). Vegetation 104/105:413-419.

Norby. R.J., E.G. O'Neill, W.G. Hood, and R.J. Luxmoore. (1987). Carbon allocation,
root exudation and mycorrhizal colonization of Pinus echinata seedlings grown un-
der CO, enrichment. Tree Physiology 3:203-210.

Patterson, D.T. (1993). Implications of global climate change for impact of weeds, in-
sects and plant diseases. In International Crop Science I, ed. D.R. Buxton, Madi-
son, WI: Crop Science Society of America, pp. 273-280.

Paustian, K., O. Andrén, H.H. Janzen, R. Lal, P. Smith, G. Tian, H. Tiessen, M. van
Noordwijk, and P.L. Woomer. (1997). Agricultural soils as a sink to mitigate CO,
emissions. Soil Use and Management 13:230-244.

Phillips, S.H. (1984). Equipment. In No-Tillage Agriculture: Principles and Practices,
eds. R.E. Phillips and S.H. Phillips, NY: Van Nostrand Reinhold, pp. 254-269.
Poorter, H. (1993). Interspecific variation in the growth response of plants to an ele-

vated ambient CO, concentration. Vegetation 104/105:77-97.

Post, W.M. and K.C. Kwon (2000). Soil carbon sequestration and land-use change
Processes and potential. Global Change Biology 6:317-326.

Post, W.M., W.R. Emanuel, and A.W. King. (1992). Soil organic matter dynamics and
the global carbon cycle. In World Inventory of Soil Emission Potentials, eds. N.H.
Batjes and E.M. Bridges, Wageningen, The Netherlands: International Soil Refer-
ence Information Center, pp. 107-119.

Post, W.M.. T.H. Peng, W.R. Emanuel, A.W. King, V.H. Dale, and D.L. DeAngelis.
(1990). The global carbon cycle. American Scientist 78:310-326.

Potter, K.N., O.R. Jones, H.A. Torbert, and P.W. Unger. (1997). Crop rotation and till-
age effects on organic carbon sequestration in the semi-arid southern Great Plains.
Soil Science 162:140-147.

Potter, K.N., J.E. Morrison, and H.A. Torbert. (1996). Tillage intensity effects on corn
and grain sorghum growth and productivity on a Vertisol. Journal of Production
Agriculture. 9:317-390.

Potter, K.N., H.A. Torbert, O.R. Jones, J.E. M'ltocha J.E. Morrison, and P.W. Unger.
(1998). Distribution and amount of soil organic C in long-term management sys-
tems in Texas. Soil and Tillage Research 47:309-321.

Prior, S.A. and H.H. Rogers. (1992). A portable soil coring system that minimizes plot
disturbance. Agronomy Journal 84:1073-1077.

Prior, S.A., S.G. Pritchard, G.B. Runion, H.H. Rogers, and R.J. Mitchell. (1997a). In-
fluence of atmospheric CO, enrichment, soil N, and water stress on needle surface



Prior et al. 241

wax formation in Pinus palustris (Pinaceae). American Journal of Botany 84:
1070-1077.

Prior, S.A., D.C. Reicosky, D.W. Reeves, G.B. Runion, and R.L. Raper. (2000). Resi-
due and tillage effects on planting implement-induced short-term CO, and water
loss from a loamy sand soil in Alabama. Soil and Tillage Research 54:197-199.

Prior, S.A., H.H. Rogers, G.B. Runion, and G.R. Hendrey. (1994a). Free-air CO, en-
richment of cotton: Vertical and lateral root distribution pattems Plant and Soil
165:33-44.

Prior, S.A., H.H. Rogers, G.B. Runion, B.A. Kimball, J.R. M"luney, K.F. Lewin, J. Nagy,
and G.R. Hendrey. (1995). Free-air CO, enrichment of cotton: Root morphological
characteristics. Journal of Environmental Quality 24:678-683.

Prior, S.A., H.H. Rogers, G.B. Runion, and J.R. Mauney. (1994b). Eftects of free-air
CO, enrlchmcnl on cotton root growth. Agricultural and Forestry Meteorology
70: 69 86.

Prior, S.A., H.H. Rogers, G.B. Runion, H.A. Torbert, and D.C. Reicosky. (1997b).
Carbon dioxide-enriched agro-ecosystems: Influence of tillage on short-term soil
carbon dioxide eftlux. Journal of Environmental Quality 26:244-252.

Prior, S.A., H.H. Rogers, N. Sionit, and R.P. Patterson. (1991). Effects of elevated at-
mospheric CO, on water relations of soya bean. Agriculture, Ecosystems and Envi-
ronment 35:13-25. _

Prior, S.A., H.A. Torbert, G.B. Runion, G.L. Mullins, H.H. Rogers, and J.R. Mauney.
(1998). Eftects of CO, enrichment on cotton nutrient dynamics. Journal of Plant
Nutrition 21:1407-1426. _

Prior, S.A., H.A. Torbert, G.B. Runion, H.H. Rogers, C.W. Wood, B.A. Kimball, R.L.
LaMorte, P.J. Pinter, and G.W. Wall. (1997¢). Free-air carbon dioxide enrichment
of wheat: Soil carbon and nitrogen dynamics. Journal of Environmental Quality
26:1161-1166.

Pritchard, S.G., H.H. Rogers, S.A. Prior, and C.M. Peterson. (1999). Elevated CO, and
plant structure: A review. Global Change Biology 5:807-837.

Radin, J.W., B.A. Kimball, D.L. Hendrix and J.R. Mauney. (1987). Photosynthesis of
cotton plants exposed to elevated levels of carbon dioxide in the tield. Photosynthe-
sis Research 12:191-203.

Reeves, D.W. (1997). The role of soil organic matter in maintaining soil quality in con-
tinuous cropping systems. Soil and Tillage Research 43:131-167.

Reeves, D.W., H.H. Rogers, S.A. Prior, C.W. Wood, and G.B. Runion. (1994). Ele-
vated atmospheric carbon dioxide effects on sorghum and soybean nutrient status.
Journal of Plant Nutrition 17:1939-1954.

Reicosky, D.C., D.W. Reeves, S.A. Prior, G.B. Runion, H.H. Rogers, and R.L. Raper.
(1999). Effects of residue management and controlled traffic on carbon dioxide and
water loss. Soil and Tilluge Research 52:153-165.

Rice, C.W., F.O. Garci, C.O. Hampton, and C.E. Owensby. (1994). Soil microbial re-
sponse in tallgrass prairie to elevated CO,. Plant and Soil 165:67-74.

Rogers, H.H. and R.C. Dahlman. (1993). Crop r(,sponses to CO, enrichment. Vegeta-

: tion 104/105: 117-131.

Rogers, H.H., G.E. Bingham, J.D. Cure, J.M. Smith, and K.A. Surano. (1983). Re-
sponses of selected plant species to elevated carbon dioxide in the field. Journal of

Environmental Quality 12:569-574.



242 _ CROPPING SYSTEMS: TRENDS AND ADVANCES

Rogers, H.H., W.W. Heck, and A.S. Heagle. (1983). A field technique for the study of
plant responses to elevated carbon dioxide concentrations. Air Pollution Control
Association Jowrnal 33:42-44. _

Rogers, H.H., C.M. Peterson, J.M. McCrimmon, and J.D. Cure. (1992). Response of
soybean roots to elevated atmospheric carbon dioxide. Plant, Cell and Environment
15:749-752.

Rogers, H.H., S.A. Prior, G.B. Runion, and R.J. Mitchell. (1996). Root to shoot ratio of
crops as influenced by CO,. Plant and Soil 187:229-248.

Rogers, H.H., G.B. Runion, and S.V. Krupa. (1994). Plant responses to atmospheric
CO, enrichment with emphasis on roots and rhizosphere. Environmental Pollution
83: 155—189.

Rogers, H.H., G.B. Runion, S.V. Krupa, and S.A. Prior. (1997). Plant responses to at-
mospheric CQO, enrichment: Implications in root-soil-microbe interactions. In Ad-
vances in Carbon Dioxide Effects Research, ASA Special Publication No. 61, eds.
L.H. Allen, Jr., M.B. Kirkham, D.M. Olszyk and C.E. Whitman, Madison, WI:
ASA, CSSA, and SSSA, pp. 1-34.

Rogers H.H., J.LF. Thomas, and G.E. Bingham. (1983). Response of agronomic and for-
est species to elevated atmospheric carbon dioxide. Science 220:428-429.

Runion, G.B., E.A. Curl, H.H. Rogers, P.A. Backman, R. Rodriguez-Kabana, and B.E.
Helms. (1994). Effects of free-air CO, enrichment on microbial populations in the
rhizosphere and phyllosphere of cotton. Agricultural and Forestry Meteorology
70:117-130. '

Saxena, D., S. Flores, and G. Stotzky. (1999). Transgenic plants: Insecticidal toxin in
root exudates from Bt corn. Nature 402:480.

Schimel, D.S. (1995). Terrestrial ecosystems and the carbon cycle. Global Change Bi-
ology 1:77-91.

Schimel D., I.G. Enting, M. Heimann, T.M.L. Wigley, D. Raynaud, D. Alves, and U.
Siegenthaler. (1995). CO, and the carbon cycle. In Climate Change 1994: Radia-
tive Forcing of Climate Change and an Evaluation of IPCC 1§92 Emissions Sce-
narios, eds. J.T. Houghton, L.G. Meira-Filho, J.P. Bruce, H. Lee, B.A. Callander,
and E.S. Haites, Cambridge: Cambridge University Press, pp. 35-71.

Schlesinger, W.H. (1984). Soil organic matter: A source of atmospheric CO,. In The
Role of Terrestrial Vegetation in the Global Carbon Cvcle, ed. G.M. Woodwell,
NY: John Wiley, pp. 111-127.

Schlesinger, W.H. (1986). Changes in soil carbon storage and associated properties
with disturbance and recovery. In The Changing Carbon Cycle: A Global Analysis,
eds. J.R. Trabalka and D.E. Reichle, NY: Springer-Verlag, pp. 194-220.

Schlesinger, W.H. (1990). Evidence from chronosequence studies for a low car-
bon-storage potential of soils. Nature 348:232-234.

Sionit, N., H.H. Rogers, G.E. Bingham, and B.R. Strain. (1984). Photosynthesis and
stomatal conductance with CO,-enrichment of container and field-grown soybeans. '
Agronomy Journal 65:207- 211

Smucker, A.J.M., S.L. McBurney, and A.K. Srivastava. (1982). Quant.ltatlve separa-
tion of roots from compacted soil profiles by the hydropneumatic elutriation sys-
tem. Agronomy Journal 74:500-503.



Prior et al. 243

Strain, B.R. and J.D. Cure. (1994). Direct effects of atmospheric CO, enrichment on
plants and ecosystems: An updated bibliographic data base, ORNL/CDIAC-70.
Oak Ridge, TN: The Carbon Dioxide Information Analysis Center, Oak Ridge Na-

- tional Laboratory.

Sundquist, E.T. (1993). The global carbon dioxide budget. Science 259:934-941.

Thomas, J.F. and C.N. Harvey. (1983). Leaf anatomy of four species grown under con-
tinuous CO, enrichment. Botanical Gazette 144:303-309.

Thomas, R.R. and B.R. Strain. (1991). Root restriction as a factor in photosynthetic ac-
climation of cotton seedlings grown in elevated carbon dioxide. Plant Physiology
96:627-634.

Throckmorton, R.I. (1986). Tillage and .planting equipment for reduced tillage. In
No-Tillage and Surface-Tillage Agriculture: The Tillage Revolution, eds. ML.A.
Sprague and G.B. Triplett, NY: John Wiley & Sons, pp. 59-91. _

Torbert, H.A., S.A. Prior, and D.W. Reeves. (1999). Land management effects on ni-
trogen and carbon cycling in an Ultisol. Commumcanons in Soil Science and Plant
Analysis 30:1345-1359.

Torbert, H.A., S.A. Prior, and H.H. Rogers. (1995). Elevated atmospheric carbon le‘(-

" ide effects on cotton plant residue decomposition. Soil Science Society of America
Journal 59:1321-1328.

Torbert, H.A., S.A. Prior, H.H. Rogers, W.H. Schlesinger, and G.L. Mullins. (1996).
Elevated atmospheric carbon dioxide in agro-ecosystems affects groundwater qual-
ity. Journal of Environmental Quality 25:720-726.

Torbert, H.A., H.H. Rogers, S.A. Prior, W.H. Schlesinger, and G.B. Runion. (1997).
Effects on elevated atmospheric CO, in agro-ecosystems on soil carbon storage.
Global Change Biology 3:513-521.

Torbert, H.A., S.A. Prior, H.H. Rogers, and C.W. Wood. (2000). Elevated atmospheric
CO, effects on agro-ecosystems: Residue decomposition processes and soil C stor-

_age. Plant and Soil 224:59-73.

Unger, P.W. (1986). Wheat residue management effects on soil water storage and corn
production. Soil Science Society of America Journal 50:764-770.

Von Wetsein-Knowles, P.M. (1993). Waxes, cutin, and suberin. In Lipid Metabolism
in Plants, ed. T.S. Moore, Boca Raton, FL: CRC Press, pp.127-166.

Weschsung, G., F. Weschsung, G.W. Wall, F.J. Adamsen, B.A. Kimball, R.L. Garcia,
P.J. Pinter, Jr., and Th. Kartschall. (1995). Biomass and growth rate of a spring
whealt root system grown in free-air CO, enrichment (FACE) and ample moisture.
Journal of Biogeography 22:623-634.

Weschsung, G., F. Weschsung, G.W. Wall, F.J. Adamsen, B.A. Kimball, P.J. Pinter,
Jr., Th. Kartschall, R.L. Garcia, and R.L. LaMorte. (1999). The effects of free-air
CO, enrichment and soil water availability on spacial and seasonal patterns of
wheat root growth. Global Change Biology 5:519-529.

Whipps, J.M. (1990). Carbon Economy. In The Rhizosphere,ed. J. M. Lynch, NY: John
Wiley, pp. 59-97.

Wilson, A.T. (1978). Pioneer agriculture explosnon and CO, levels in the atmosphere.
Nature 273, 40-4 1.

Wittwer, S.H. (1995). Food, Climate, and Carbon Dioxide: The Global Environment
and World Food Production. Boca Raton, FL: CRC Press.



244 CROPPING SYSTEMS: TRENDS AND ADVANCES

Wood, C.W., H.A. Torbert, H.H. Rogers, G.B. Runion, and S.A. Prior. (1994). Free-air
CO, enrichment effects on soil carbon and nitrogen. Agricultural and Forestry Me-
teorology 70:103-116.

Waullschleger, S.D., L.H. Ziska, and J.A. Bunce. (1994). Respiratory responses of
higher plants to atmospheric CO, enrichment. Physiologia Plantarum 90:221-229.

Zak,D.R., K.S. Pregitzer, P.S. Curtis, J.A. Teeri, R. Fogel, and D.L. Randlett. (1993).
Elevated atmospheric CO, and feedback between carbon and nitrogen cycles. Plant
and Soil 151:105-117. ,

Ziska ,L.H.,J.R. Teasdale, and J.A. Bunce. (1999). Future atmospheric carbon dioxide
may increase tolerance to glyphosate. Weed Science 47:608-615.



